Interleukin 7 (IL-7) is a critical cytokine that plays a fundamental role in B-and T-cell development and in acute lymphoblastic leukemia (ALL). Its receptor (IL7R) is a transmembrane heterodimer formed by the IL7Rα and the IL2Rγ chain (γc). The IL7R signals through the JAK/STAT pathway. Loss-of-function mutations and some polymorphisms of the IL7Rα were associated to immunodeficiency and inflammatory diseases, respectively. Gain-of-function mutations were described in T-cell ALL and in high risk precursor B-cell ALL. Most confirmed loss-of-function mutations occur in the extracellular part of the IL7Rα while oncogenic mutations are exclusively found in the extracellular juxtamembrane (EJM) or transmembrane regions. Oncogenic mutations promote either IL7Rα/IL7Rα homodimerization and constitutive signaling, or increased affinity to γc or IL-7. This work presents a review on IL7Rα polymorphisms/mutations and attempts to present a classification based on their structural consequences and resulting biological activity.
Introduction
IL7Rα is encoded by a gene made of eight exons located in the short arm of human chromosome five (5p13.2; coordinates 35, 852, 879 ,705 in GRCh37). There is some level of evidence (at least one mRNA or Expressed Sequence Tag) that this region of the genome is putatively transcribed into seven partially overlapping transcripts, five of which are protein coding, one encodes a lncRNA, and one is a transcript with retained intron (Figure 1a ). The IL7RA gene is expressed at specific stages of B-and T-cell development. Although there has been some evidence of IL7RA expression in solid tumors from tissues other than lymphocytes, like glioma [1] , breast cancer [2, 3] , and lung cancer [4] [5] [6] , this evidence was not validated with orthogonal methods and in many cases were obtained from tumor-derived cell lines [7] . Information regarding the transcriptional control of the IL7Rα and its roles in B-and T-cell development may be found elsewhere [8] [9] [10] . In this manuscript we wish to present a review on IL7Rα mutations and polymorphisms reported so far, their structural consequences, and possible mechanisms of action.
The IL7Rα is a 459 amino acid (aa) long transmembrane glycoprotein receptor with 219 aa of extracellular domain, a single predicted 25 aa transmembrane domain and a 195 aa intracellular domain [11] (Figure 1b ). Skipping of exon six by alternative splicing results in a frameshift and premature stop codon that generates a 261 aa soluble form of the IL7Rα that has been shown to potentiate IL-7 activity [12] and has been linked to autoimmune and inflammatory diseases (see below). Nomenclature as in ENSEMBL, accession ENSG00000168685. Only transcripts supported by at least one Expressed Sequence Tag are shown. Filled boxes correspond to protein coding sequences. (b) IL7Rα amino acid sequence (without signal peptide). The extracellular part of IL7Rα consists of two fibronectin type-3 (FN3) domains: D1 and D2. Extracellular cysteines are highlighted, and SS-bonds are shown (red connecting lines). Beta sheets are boxed in grey (D1 region) or blue (D2 region) colors. The WSXWS domain, conserved in type I cytosine receptors, is shown in conjunction with cation-pi interactions (blue connecting lines) and H-bond (blue connecting dotted line). Experimentally documented (asparagine residues in green, underlined) or predicted (asparagine residues in green) N-glycosylation sites are also shown, as well as the transmembrane region (framed). JAK1 binds to the BOX1 (orange), which is part of the four-point-one protein, ezrin, radixin, moesin (FERM) domain (underlined), in the intracellular juxtamembrane region of the receptor. The tyrosine residue (Y449) proven to be important for STAT and PI3K anchoring is underlined.
As in other cytokine type I and type II receptor signaling, the IL7Rα has no kinase activity. The intracellular region of IL7Rα contains an eight aa membrane-juxtaposed domain called Box1, which binds a protein tyrosine kinase from the Janus kinase family, JAK1, which is critical for the transmission of IL7Rα signal. Activation of JAK1, however, only occurs in the presence of IL-7, that drives the heterodimerization of the IL7Rα chain with the IL2Rγ (γc) chain ( Figure 2 ). Although IL7Rα can form dimers with γc in the absence of IL-7 [13] , only in the presence of this cytokine the receptor chains come at a distance close enough to allow interaction and reciprocal phosphorylation of JAK1 (coupled to IL7Rα) and JAK3 (coupled to γc) [14] . Once activated, JAKs phosphorylate the tyrosine residue Y449 on the IL7Rα intracellular tail, allowing anchoring of STAT5, or with lower affinity STAT1 or STAT3 [15] . Once anchored in IL7Rα, STAT5 is phosphorylated by JAK (possibly Nomenclature as in ENSEMBL, accession ENSG00000168685. Only transcripts supported by at least one Expressed Sequence Tag are shown. Filled boxes correspond to protein coding sequences. (b) IL7Rα amino acid sequence (without signal peptide). The extracellular part of IL7Rα consists of two fibronectin type-3 (FN3) domains: D1 and D2. Extracellular cysteines are highlighted, and SS-bonds are shown (red connecting lines). Beta sheets are boxed in grey (D1 region) or blue (D2 region) colors. The WSXWS domain, conserved in type I cytosine receptors, is shown in conjunction with cation-pi interactions (blue connecting lines) and H-bond (blue connecting dotted line). Experimentally documented (asparagine residues in green, underlined) or predicted (asparagine residues in green) N-glycosylation sites are also shown, as well as the transmembrane region (framed). JAK1 binds to the BOX1 (orange), which is part of the four-point-one protein, ezrin, radixin, moesin (FERM) domain (underlined), in the intracellular juxtamembrane region of the receptor. The tyrosine residue (Y449) proven to be important for STAT and PI3K anchoring is underlined.
As in other cytokine type I and type II receptor signaling, the IL7Rα has no kinase activity. The intracellular region of IL7Rα contains an eight aa membrane-juxtaposed domain called Box1, which binds a protein tyrosine kinase from the Janus kinase family, JAK1, which is critical for the transmission of IL7Rα signal. Activation of JAK1, however, only occurs in the presence of IL-7, that drives the heterodimerization of the IL7Rα chain with the IL2Rγ (γc) chain ( Figure 2 ). Although IL7Rα can form dimers with γc in the absence of IL-7 [13] , only in the presence of this cytokine the receptor chains come at a distance close enough to allow interaction and reciprocal phosphorylation of JAK1 (coupled to IL7Rα) and JAK3 (coupled to γc) [14] . Once activated, JAKs phosphorylate the tyrosine residue Y449 on the IL7Rα intracellular tail, allowing anchoring of STAT5, or with lower affinity STAT1 or STAT3 [15] . Once anchored in IL7Rα, STAT5 is phosphorylated by JAK (possibly JAK3), dimerizes, and translocates to the nucleus, where it activates the transcription of genes important for cell survival and proliferation [15] [16] [17] [18] . In addition to STATs, Y449 phosphorylation also recruits phosphoinositide 3-kinase (PI3K) thus initiating another intracellular signaling cascade that leads to AKT activation [19] . Thus, IL7R triggers two major signaling cascades: JAK/STAT and PI3K/AKT [20] ( Figure 2 ), although with different intensities depending on the cell type and its developmental stage [17, 21] . In some circumstances, IL7R signaling also results in extracellular signal-regulated kinase (ERK) activation [22] . However, the exact mechanisms leading to mitogen-activated protein kinase (MAPK) and ERK activation is not known. Recent reviews have gathered some hypotheses on the mechanism of crosstalk between JAK/STAT and MAPK/ERK pathways [23, 24] .
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Schematic of the IL7R structure and signaling mechanism. The normal IL7R is a heterodimer formed by the IL7Rα and the IL2Rγ chain (γc) upon IL-7 binding. Interaction with IL-7 is mediated by residues corresponding to the elbow region that connects the D1 and D2 extracellular domains of the receptors. Dimerization induces the formation of cholesterol-enriched membrane microdomains (lipid rafts) and the approximation and reciprocal activation of JAK1 and JAK3, followed by phosphorylation of IL7Rα's residue Y449. FERM proteins mediate anchoring of the receptor to F-actin. Microtubules are anchored to actin allowing translocation of STAT5 up to the membrane. Once phosphorylated, STAT5 forms dimers and is transported by kinesin along microtubules towards the nucleus where it activates transcription of different genes involved in cell survival and proliferation programs. Y449 phosphorylation also recruits and activates the PI3K pathway, which converts phosphatidylinositol (4,5)-bisphosphate (PIP2) into phosphatidylinositol (3-5)-trisphosphate (PIP3). PDK1 and AKT bind to PIP3, enabling AKT to be phosphorylated by PDK1 on S308. Complete activation of AKT requires phosphorylation on S473 by mTORC2. The mechanism of RAS activation by the IL7R is unknown, but one can suppose that tyrosine phosphorylation in the IL7R, JAK1, or JAK3 provides binding sites for adaptor proteins, such as Shc and/or Grb2, that upon phosphorylation recruit SOS to the plasma membrane, which in turn activates RAS.
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The IL7Rα is also part of the receptor for thymic stromal lymphopoietin (TSLP) in which case it heterodimerizes with the cytokine receptor like factor 2 (CRLF2) chain [25] . Dimerization of IL7Rα and CRLF2, activates JAK1 and JAK2 (coupled to CRLF2) and then STATs. Curiously, the murine CRLF2 does not activate any of the four known JAKs [26] but Tec kinase [27] . 
Structural Determinants of the IL7Rα Activity
The extracellular part of IL7Rα consists of two fibronectin type-3 (FN3) domains: D1 and D2 ( Figure 2 ). The elbow angle between the D1 and D2 domains is about 75 • . Intramolecular disulfide bonds are only present in the D1 region: C42-C57 (common to all class I cytosine receptors), C74-C82 and C108-C118 ( Figure 1b ). Of the six potential N-glycosylation sites, 3 were visually observed (N49, N65, and N151) while the other three were not (N182, N232, and N233). Glycans were shown to extend away from the IL7Rα and to have no direct interaction with IL-7. Even so, IL-7 was shown to have an increased affinity to the glycosylated IL7R. It is speculated that glycosylation may affect the frequency and duration with which free IL7Rα assumes a conformation poised to bind IL-7 [28] .
Crystal structure analyses revealed that IL-7 bound to IL7Rα at the receptor's elbow region connecting the D1 and D2 domains [28] . Although there are no structures of the IL7Rα-γc heterodimer or the IL7Rα-IL-7-γc ternary complex, a structural mechanism of the IL-7 signaling was proposed by McElroy and coworkers (2012) [14] . In this model, the IL7Rα and γc are proposed to interact even prior to IL-7 binding, and this is through the elbow loop residues that connect their respective D1 and D2 domains. The extracellular part of the preformed heterodimer of IL7Rα and γc proteins would assume an "X" geometry laying onto the cell surface. Their N-and C-termini would be located on opposite ends of the "X", in such a way that JAK1 and JAK3 attached to the intracellular domains would be kept separated by a large distance (110 Å), preventing activation. Since the IL7Rα elbow loop residues that bind to γc in the preformed heterodimer would be the same that bind to IL-7, it has been suggested that IL7Rα and γc must first dissociate to be able to bind IL-7. Upon IL-7 binding, the receptors rotate 90 • away from the cell surface and this rotation brings the C-termini of IL7Rα and γc within less than 30 Å from each other so that JAK1 and JAK3 would be brought into close proximity to each other, activating signal transduction [14] . This model was based on the crystal structure of the IL-7/IL7Rα complex [28] and awaits experimental validation. Fluorescence resonance energy transfer (FRET) data published for the wild type IL2R supported the idea that approximation between IL7Rα and γc's transmembrane α-helices is required for signaling, since they share γc [13, 29, 30] . However, given that JAK molecules are almost six times bigger than the intracellular portion of the IL7Rα, one may argue whether approximation is the only component responsible for signal activation. Although there may be a distance argument in keeping JAK1 and JAK3 from phosphorylating the IL7Rα intracellular domain, it is also possible to speculate that a rotational component would play a role in the transition from the inactivated to activated state of the receptor.
Like other type I cytokine receptors, the IL7Rα has a conserved WSXWS motif close to the TM region. The tryptophan residues of the WSXWS motif participate in extensive Cation-pi interactions with Trp (W178R), Lys (K204R), and arginine (R206R and R170R) side chains [28] .
Besides the D1, D2 and WSXWS domains required for the correct extracellular region folding and IL-7 binding, and the intracellular Box1 and Y449 that are fundamental for JAK1 and STAT anchoring and signaling, there is the four-point-one protein, ezrin, radixin, moesin (FERM) binding domain that plays a fundamental role in anchoring of the activated IL7R receptor to the cytoskeleton. Binding of IL-7 to preformed IL7Rα-γc receptors (including JAKs) results in the inclusion of ligand bound receptors into lipid rafts of the plasma membrane, where the FERM proteins ezrin or moesin are recruited and link the receptor to F-actin. Microtubules are then anchored to the actin microfilament and grow radially from rafted receptors to the nuclear membrane. STAT5 is then carried by kinesin toward the membrane, where it binds the IL7Rα phospho-Y449, gets phosphorylated, forms STAT5 dimers, and is carried back along microtubules toward the nucleus [30] .
Finally, there is the question of how long the 'activated state' of the IL7R chains is maintained. Binding of IL-7 to IL7R leads to rapid internalization, followed by IL7R degradation or recycling. The IL7Rα-IL-7-γc ternary complex is internalized in clathrin-coated vesicles (endosomes). Hypertonic shock of cells with 0.5 M monodansylcadaverine or 100 µM sucrose, which block the formation of clathrin vesicles, impairs IL7R signaling, indicating that IL7R signaling depends on IL7R internalization and may occur, at least partly, in the endosomes. Once internalized, IL7R degradation occurs via the ubiquitin-proteasome (can be inhibited with lactacystin) and lysosomes [31] .
Deleterious Mutations in the IL7R
Deleterious, or loss-of-function, mutations in IL7RA have been widely described in the last few decades, most of them being associated with development of immune diseases. The IL7R receptor is crucial to T and B cell development and expansion, also it is very important for the selection of self-tolerance during T cell maturation, thus playing a major role in autoimmune diseases [32] . Most deleterious mutations in the IL7RA are single nucleotide variations (SNVs) resulting in amino acid changes or splice site disruption, and are concentrated in the first five exons of the gene (Figure 3a ), corresponding to the extracellular domain of the transduced protein, with exon two showing the highest mutation frequency [33] .
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Deleterious, or loss-of-function, mutations in IL7RA have been widely described in the last few decades, most of them being associated with development of immune diseases. The IL7R receptor is crucial to T and B cell development and expansion, also it is very important for the selection of self-tolerance during T cell maturation, thus playing a major role in autoimmune diseases [32] . Most deleterious mutations in the IL7RA are single nucleotide variations (SNVs) resulting in amino acid changes or splice site disruption, and are concentrated in the first five exons of the gene (Figure 3a ), corresponding to the extracellular domain of the transduced protein, with exon two showing the highest mutation frequency [33] . Knockout of the IL7RA impairs V(D)J recombination and leads to immunological deficiencies in mice [34] . Likewise, inactivating IL7RA mutations are strongly associated with severe combined immunodeficiency (SCID) in humans, especially the T − B + NK + phenotype [35, 36] , with an incidence Cancers 2019, 11, 1952 6 of 18 of approximately 11% of SCID cases in the US [37, 38] . For example, the T allele of the IL7RA single nucleotide polymorphism (SNP) rs104893894 (p.P132S) was shown to be a cause of SCID. The mutant receptor has a much lower binding affinity for its ligand, IL-7, and this is a likely consequence of structural alterations in the extracellular portion of the mutant protein [36] . Other IL7RA mutations that result in the structural alteration of the IL7Rα and in SCID have been described [33, 39, 40] . A recently described IL7Rα p.F40L mutation was postulated to impair receptor function by reducing its thermo stability and expression [41] .
By studying the binding interface of IL-7 with IL7Rα at the structural level, it has been demonstrated that most IL7RA SCID mutations locate outside of the receptor's binding epitope, and instead are concentrated mainly in the D1, D2, and WSXWS domains of the protein. Also, some mutations affecting the cysteine participating in disulfide bonds in the D1 region have been reported. These findings suggest that, rather than affecting the receptor-ligand interaction directly, SCID mutations at these sites alter protein structural features like rigidity, stability, and folding, thereby reducing the mutant receptor affinity for the ligand in an indirect manner [28] . Analysis of the most common IL7RA pathogenic mutations listed in ClinVar and all other publications, showed that most of them are indeed located either in the D1, D2, WSXWS domains, or the disulfide bonds of the IL7Rα receptor ( Figure 3b ). Also, in agreement with Giliani and coworkers (2005) [33] , the majority of mutations recorded here were missense and splice-site disrupting SNVs ( Figure 3c and Table 1 ).
There are only two disease-associated variants found in the intracellular portion of the receptor, at position 356 (p.I356V) and 269 (p.K269fs), and they are associated with increased risk of multiple sclerosis and SCID, respectively [42, 53] . Most variations with unknown significance (VUS), classified as pathogenic by computational methods [55] , are commonly distributed in the intracellular portion of the receptor, although there are some in the extracellular and transmembrane portions as well. The intracellular VUS mutations, however, do not seem to overlap with Box1 or Y449 of IL7Rα (Figure 3a) .
Deletions of whole exons of the IL7RA gene have been described in SCID cases, more specifically involving exons 2-4. These deletions inactivate the receptor function by removing entire protein domains and by generating premature stop codons that leads to the production of largely truncated proteins [42] . There are also reports of small frameshift indels at the same exons generating truncated proteins [33, 46, 48] , and nonsense mutations, generating a premature stop codon [35, 42] . Finally, some IL7RA SNPs and mutations are known to impair splicing of the nascent IL7RA transcript, thus contributing to disease also by causing frameshifts that result in protein truncations [33, 42, 43, 45] .
As mentioned before, some polymorphisms of the IL7RA gene have been associated with an increased risk of developing multiple sclerosis (MS), an autoimmune disease that affects the central nervous system (CNS). MS is characterized by demyelination of nerve fibers of the CNS, caused by autoreactive T cells responsive to myelin antigens [56] . The most largely studied polymorphism in the IL7RA gene, named SNP rs6897932 (p.T244I), is strongly associated with an increased risk of developing MS [49, 50] . The T allele of this SNP, coding for an isoleucine residue at position 244, is related to the protective state, while the C allele, coding for a threonine and being the most frequent allele (approximately 77%), relates to increased susceptibility to MS with an odds ratio of around 1.2 [57] . About 56% of MS patients are homozygous for the C allele, compared to 49.2% of healthy controls [49] . It is suggested that the C allele of rs6897932 increases exon 6 skipping during IL7RA alternative splicing, via augmentation of an exonic splicing silencer (ESS), thus increasing the soluble form of the protein (sIL7Rα) by approximately two-fold [50] . This claim is supported by the fact that, in relation to healthy individuals, patients with MS show reduced expression of membrane-bound IL7Rα [58] . The mechanism that links sIL7Rα to MS has not been completely elucidated. It is postulated that changes in the IL7Rα/sIL7Rα ratio affect IL-7 signaling and T cell reactivity to myelin proteins [59] . The soluble isoform of the IL7Ra was shown to enhance the plasma IL-7 bioactivity, and could therefore lead to increased expansion of autoimmune cells [12] . The RNA helicase DDX39B was shown to regulate IL7RA mRNA splicing by enhancing the inclusion of exon six and consequently repressing the production of the sIL7Rα isoform [60] .
In addition to SCID and MS, polymorphisms in the IL7RA gene are also shown in association with other immune diseases, such as the involvement of rs6897932 in type 1 diabetes (T1D) [51] and rheumatoid arthritis (RA) [52] , rs193922641 (p.C118Y) in Omenn syndrome (OS) [39] , rs3194051 (p.I356V) in T1D [51] , rs1494555 (p.V138I) in graft versus host disease (GvHD) [47] , rs10213865 (intronic) in sarcoidosis [54] , rs11567764 (p.K187=) in tuberculosis [43] , and rs1494558 (p.I66T) in IgA nephropathy (IgAN) [44] (Table 1) . 
Oncogenic Mutations in the IL7R
So far, all IL7RA mutations previously associated with oncogenic disease have been gain of function mutations. Oncogenic IL7RA mutations were described by our group and others [61] [62] [63] [64] [65] [66] in approximately 9% of T-ALL cases [61] , 7.8% of early T phenotype ALL (ETP-ALL) cases [67] , 2%-3% of B-ALL cases [62, 68] and 12% of Ph-like B-ALL subtype [68] [69] [70] . Oncogenic mutations are almost always in exon six and appear to be more common (two-fold) in children than in adults [67, 68, 71] . Some IL7RA mutations were also found in solid tumors like rectal carcinoma with high microsatellite instability (p.R267>GfsX28) and lung adenocarcinoma (p.I245>N) [65] , but the contribution of these mutations to tumorigenesis is less clear. In T-ALL, the oncogenic signaling downstream IL7Rα mutations could be therapeutically explored by using JAK inhibitors [60] or a combination of PI3K-AKT and MEK inhibitors [24] . More recently, monoclonal antibodies directed against the extracellular portion of the IL7Rα were shown to inhibit T-ALL xenografts [72, 73] . However, there is no proof that ALL cells having IL7Rα mutations are more sensitive to JAK/PI3K-AKT/MEK inhibition or to anti-IL7Rα antibodies than ALL or normal T-/B-cells with a wild type receptor.
Overall, the most common IL7Rα mutations are complex insertions/deletions in the extracellular juxtamembrane region. In rare cases only, indels occur more deeply into the transmembrane region of the receptor. The large size of these indel mutations may suggest participation of the terminal deoxynucleotidyl transferase (TdT) and V(D)J recombination machinery, which has been implicated in ALL mutagenesis [74, 75] . We have searched for RAG cryptic recombination signal sequences (cRSS) in the IL7RA and found that, close to the mutational hot stop in exon six, there is one cRSS (5 TTTTTCTCTGTCGCTCTGTTGGTCATCTTGGCCTGTGTG 3 ) that may be a target of aberrant RAG-induced double-strand breaks (DSBs). Although recombination by RAG proteins normally require two RSSs to occur, a recently described mechanism called "cut-and-run" provided evidence that excised signal circles (ESCs), the by-product of V(D)J recombination, can bind to single cRSSs and induce DSBs at distinct genomic loci via the RAG mechanism [76] .
By considering the mechanism of action, IL7Rα gain of function mutations can be divided into three categories: (a) extracellular juxtamembrane (EJM) cysteine-driven homodimers, (b) transmembrane-driven cysteine-free homodimers, and (c) EJM charged residue-enhancement of heterodimer formation (Figure 4 ). Some IL7RA mutations were also found in solid tumors like rectal carcinoma with high microsatellite instability (p.R267>GfsX28) and lung adenocarcinoma (p.I245>N) [65] , but the contribution of these mutations to tumorigenesis is less clear. In T-ALL, the oncogenic signaling downstream IL7Rα mutations could be therapeutically explored by using JAK inhibitors [60] or a combination of PI3K-AKT and MEK inhibitors [24] . More recently, monoclonal antibodies directed against the extracellular portion of the IL7Rα were shown to inhibit T-ALL xenografts [72, 73] . However, there is no proof that ALL cells having IL7Rα mutations are more sensitive to JAK/PI3K-AKT/MEK inhibition or to anti-IL7Rα antibodies than ALL or normal T-/B-cells with a wild type receptor. Overall, the most common IL7Rα mutations are complex insertions/deletions in the extracellular juxtamembrane region. In rare cases only, indels occur more deeply into the transmembrane region of the receptor. The large size of these indel mutations may suggest participation of the terminal deoxynucleotidyl transferase (TdT) and V(D)J recombination machinery, which has been implicated in ALL mutagenesis [74, 75] . We have searched for RAG cryptic recombination signal sequences (cRSS) in the IL7RA and found that, close to the mutational hot stop in exon six, there is one cRSS (5′ TTTTTCTCTGTCGCTCTGTTGGTCATCTTGGCCTGTGTG 3′) that may be a target of aberrant RAG-induced double-strand breaks (DSBs). Although recombination by RAG proteins normally require two RSSs to occur, a recently described mechanism called "cut-and-run" provided evidence that excised signal circles (ESCs), the by-product of V(D)J recombination, can bind to single cRSSs and induce DSBs at distinct genomic loci via the RAG mechanism [76] .
By considering the mechanism of action, IL7Rα gain of function mutations can be divided into three categories: (a) extracellular juxtamembrane (EJM) cysteine-driven homodimers, (b) transmembrane-driven cysteine-free homodimers, and (c) EJM charged residue-enhancement of heterodimer formation (Figure 4 ). From left to right we show the wild type IL7R receptor and three different types of IL7Rα mutations, grouped according to their mechanism of action. Frequency of each type of IL7Rα mutations in ALL is shown in the pie charts (right). The most common IL7Rα mutations are those with cysteine insertions in the extracellular juxtamembrane (EJM) region of the receptor, which via a disulfide bond generate a stable and constitutively active IL7Rα-IL7Rα homodimer. Transmembrane (TM) mutations also result in IL7Rα-IL7Rα homodimer formation, this time by means of H-bond among an ExxxV or SxxxG motif created by the mutation. The third type of IL7Rα mutations are those with charged residue(s) insertion in the EJM of the receptor, that interact with a negatively charged residue in the γc, thus contributing to enhanced IL7Rα-γc heterodimer formation and sensitivity to IL-7. Figure 4 . Different types of IL7Rα gain of function mutations. From left to right we show the wild type IL7R receptor and three different types of IL7Rα mutations, grouped according to their mechanism of action. Frequency of each type of IL7Rα mutations in ALL is shown in the pie charts (right). The most common IL7Rα mutations are those with cysteine insertions in the extracellular juxtamembrane (EJM) region of the receptor, which via a disulfide bond generate a stable and constitutively active IL7Rα-IL7Rα homodimer. Transmembrane (TM) mutations also result in IL7Rα-IL7Rα homodimer formation, this time by means of H-bond among an ExxxV or SxxxG motif created by the mutation. The third type of IL7Rα mutations are those with charged residue(s) insertion in the EJM of the receptor, that interact with a negatively charged residue in the γc, thus contributing to enhanced IL7Rα-γc heterodimer formation and sensitivity to IL-7.
IL7Rα Cysteine Mutants

Eighty-eight (86%) out of the 102 different oncogenic IL7RA mutations published so far result in unpaired cysteine insertions ( Table 2 ). The inserted cysteine may participate in a disulfide bond connecting two mutant IL7Rα chains. This results in stable IL7Rα homodimer formation that may signal independently of IL-7, γc and JAK3. Constitutive signaling is triggered by JAK1/JAK1 trans-phosphorylation and recapitulates all of the IL7Rα downstream pathways: JAK/STAT, PI3K/AKT, and MEK/ERK. Constitutive IL7Rα/IL7Rα signaling finally contributes to cellular transformation, increased proliferation and tumor formation [22, 61, 62 ]. Among the mutants described, only a fraction was tested, however all cysteine mutants tested until now were constitutively active.
Signal transduction of cytokine receptors is dependent on (i) proximity and (ii) chain orientation, as well as (iii) time that the 'activated state' or dimerization of the chains is maintained [77] . The alignment of IL7Rα transmembrane segments revealed preferred positions for cysteine placement, suggestive of chain orientation restrictions. As shown in Table 2 and Figure 5 , cysteine positions are concentrated in one single position (position "E" in our representation). It would be interesting to analyze whether the cysteine positioning has any impact on signaling intensity. Mutations more N-terminally would reach positions outside exon 6 and it's "hot spot". Mutations with cysteine inserted deeply inside the TM region (more C-terminally) are very rare, possibly reflecting the difficulty of disulfide bond formation in this chemical microenvironment. Indeed, there is a naturally occurring cysteine reside in the C-terminal end of the transmembrane domain, and the wild-type IL7Rα does not form constitutive signaling homodimers. The position of cysteine could influence the receptor chain movement up-and-down in the lipid bilayer, and eventually influence the rotation of the receptor molecules in a productive or non-productive signaling manner. In our experience, the simple presence of a cysteine and receptor homodimerization is not enough for signaling. Productive cysteine-induced intermolecular interactions probably rely on the correct alignment of the receptor's BOX1/FERM intracellular domains, in order to allow the correct positioning and movement of JAK1/JAK1. For instance, other Type I receptors like the growth hormone receptor (GHR) or the erythropoietin receptor (EpoR) were shown to rely on correct positioning and rotation for signal activation [78, 79] . Table 2 . Oncogenic IL7Rα mutations with cysteine insertion. Residues spanning part of the extracellular juxtamembrane, the whole transmembrane and part of the intracellular juxtamembrane regions of the IL7Rα are shown. The predicted transmembrane regions (TMpred: https://embnet.vital-it.ch/software/ TMPRED_form.html) are boxed. Mutants were listed according to the position of the cysteine from N to C-terminus. Insertions are shown in red. All cysteine positions are represented by letters (A to M mapped in green), Positions B, E and H are the most common ones (see Figure 5 ). The only cysteine mutation found so far outside the hot spot in exon 6 is the IL7Rα p.S185C mutation in exon five, found in six cases of ALL [62, 68] . This mutation conferred proliferation advantage to Ba/F3 cells but only when co-expressed with the CRLF2 receptor, apparently by increasing the responsiveness to lower concentrations of TSLP. However, CRLF2 and IL7R-S185C did not form dimers, so the mechanism of action of this mutation cannot be attributed to disulfide bond formation and deserves further investigation [62] .
Protein Mutation
IL7Rα Cysteine-Lacking Mutants
Cysteine-lacking mutants were described in ALL and are presented in Table 3 [61,62,64,65,80,81]. The lack of a mutant cysteine prompted the investigation of new mechanisms that would be responsible for the gain of function of these mutant receptors. Cysteine-lacking mutations can be divided into two groups according to the mutation localization: extracellular juxtamembrane (EJM) or transmembrane (TM). Cysteine lacking mutations in the TM of IL7Rα and The only cysteine mutation found so far outside the hot spot in exon 6 is the IL7Rα p.S185C mutation in exon five, found in six cases of ALL [62, 68] . This mutation conferred proliferation advantage to Ba/F3 cells but only when co-expressed with the CRLF2 receptor, apparently by increasing the responsiveness to lower concentrations of TSLP. However, CRLF2 and IL7R-S185C did not form dimers, so the mechanism of action of this mutation cannot be attributed to disulfide bond formation and deserves further investigation [62] .
Cysteine-lacking mutants were described in ALL and are presented in Table 3 [61, 62, 64, 65, 80, 81] . The lack of a mutant cysteine prompted the investigation of new mechanisms that would be responsible for the gain of function of these mutant receptors. Cysteine-lacking mutations can be divided into two groups according to the mutation localization: extracellular juxtamembrane (EJM) or transmembrane (TM). Cysteine lacking mutations in the TM of IL7Rα and CRLF2 receptors were studied by Shochat and collaborators (2014) [63] . Some of these mutants were proven to be capable of forming homodimers and to signal constitutively in the absence of ligand and eventually to constitutively activate JAK/STAT signaling. The activation mechanism of these cysteine-lacking TM mutants was predicted to rely on TM interactions mediated by dimerization motifs that are created by the mutant inserted residues in conjunction with some residues already present in the wild type IL7Rα. For example, in IL7Rα mutant p.253insEKV, the E residue, which is four residues N-terminally to V257 (one helix turn), forms a 253ExxxV motif that is able to form intermolecular H-bonds. Other examples of such dimerization motifs found in IL7Rα mutants are 252SxxxA and 249SxxxG. Of note, the IL7Rα p.V253G mutant chain apparently did not form homodimers, but heterodimers with the γc. However, further investigation is necessary to confirm this heterodimeric interaction. Intermolecular H-bond formation by these dimerization motifs would increase the stability of IL7Rα/IL7Rα homodimers in the absence of a cysteine or disulfide bond [63] . Depending on the spatial orientation assumed by the interacting TM helixes, the associated cytosolic JAK kinases could get closer together in a productive or nonproductive way. In fact, Shochat and collaborators (2014) [63] reported that the cysteine-lacking TM mutant IL7Rα p.V253insGEA did not activate constitutive signaling, even though they did formed homodimers. Recently, our group focused on the second type of cysteine-lacking mutations, which are those with insertions in the extracellular juxtamembrane region of the IL7Rα. These are characterized by the presence of charged amino acids in the EJM domain, which create a positively charged electrostatic motif that facilitates interaction with a negatively charged residue in the γc [82] . Therefore, different from the previously described mechanisms, these mutants kept dependence on IL-7, γc and JAK3.
It is speculated that this electrostatic interaction between the IL7Rα and γc chains produces a more stable or better-oriented IL7Rα-γc heterodimer, thus resulting in higher sensitivity to IL-7stimulation. The proliferation advantage conferred by this kind of IL7Rα mutation would be better manifested in lower IL-7 concentrations. Considering the limited amount of IL-7 available in the bone marrow microenvironment [8, 83] , cells expressing a mutant IL7Rα would override the population of normal cells that express the wild type IL7Rα, contributing to leukemia progression. In fact, IL-7 seems to be quite important for ALL progression [84] .
Conclusions
This review presents a comprehensive description of IL7RA mutations found so far. The information provided by the characterization of evolutionarily conserved domains, site-directed mutagenesis, and the identification of disease-associated mutations have been of critical value to the understanding of the signaling mechanisms of this receptor. More recently, the finding of multiple and diverse activating IL7Rα mutations in acute lymphoblastic leukemia has created a unique opportunity to further study the functioning of this receptor. As shown here, there are three kinds of activating IL7Rα mutations, two of which contributing to constitutive homodimer formation and one that seems to enhance the canonical heterodimerization between IL7Rα and γc chains. We have highlighted some of the structural features that may explain receptor activation in these cases. Considering that the γc chain participates in many other cytokine receptors, which are also expressed by ALL cells, it is intriguing that oncogenic mutations are restricted to the IL7Rα. We speculate that this may result from a structure-activity relationship unique to IL7Rα or it might be simply related to the presence of a fragile hot-spot in exon six of the IL7RA gene. One might also consider the possibility that IL7Rα is unique in triggering a transcriptional program for lymphocyte development that gives an oncogenic advantage to the progenitor cells. These are questions that will certainly stimulate future work on this subject. 
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